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To study the temporally varying features of summer thermal contrast between the Asian continent and the adjacent ocean on de-
cadal-centennial time scales and the links between thermal contrast and solar irradiance, we used a time series of the reconstructed 
Asian-Pacific oscillation index and solar irradiance over the past millennium. The results showed that thermal contrast in the 
Asian monsoon region has quasi-90-year, 10–13-year, and 3–7-year periods. On the centennial time scale, thermal contrast 
showed three abrupt changes, occurring in 1305–1315, 1420–1430, and 1625–1635. There is a significant positive correlation 
between thermal contrast and solar irradiance, which is particularly strong at 250-year, 120–160-year, 60–70-year, and quasi- 
15-year periods. The three abrupt changes in thermal contrast corresponded to a significantly weakening or strengthening of solar 
irradiance, lagging 12–22 years behind the solar irradiance, which possibly reflects an effect of solar irradiance on the abrupt 
change in Asian monsoon climate on the centennial time scale. On the decadal time scale, the abrupt change in the thermal con-
trast was not closely associated with solar irradiance, which implies that solar activity may not be a major factor affecting the 
decadal abrupt change in Asian-Pacific thermal contrast. Relative to thermal contrast, the decadal abrupt change in Northern 
Hemispheric annual mean surface temperature is more closely associated with solar activity, while its centennial abrupt change 
has a weaker relationship with solar activity. 
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Variations in the East Asian monsoon directly affect precip-
itation anomalies over China and may cause large-scale 
droughts or floods, exerting a great influence on local agri-
culture and economic development. There are many factors 
affecting the East Asian monsoon, including sea surface 
temperatures of the tropical Pacific and Indian Oceans, 
Eurasian and Tibetan snow cover, and Antarctic and Arctic 
climates [1–7]. Some factors play major roles during a pe-
riod, while different factors possibly play dominant roles 
during another period. This complexity leads to a changea-
ble climate over the East Asian monsoon region. Therefore, 
studying the long-term varying features and associated 
mechanisms is helpful for the prediction of long-term 
change in East Asian climate. 
Early in the 1970s, Zhu [8] noted the warmer climates 
during the Sui and Tang dynasties of China and the cooler 
climate during the Song dynasty. Subsequently, many stud-
ies showed that phenomena such as the European Medieval 
Warm Period (MWP) and the Little Ice Age (LIA) possibly 
occurred in the Chinese region [9–14] and that during the 
MWP, a wetter climate occurred in North China and a drier 
climate to the south of the Yangtze River. During the LIA, 
there was a drier climate in North China and a wetter cli-
mate to the south of the Yangtze River. Zhang et al. [15] 
further showed that precipitation exhibits a pronounced 
centennial-scale variation in China. For example, in Beijing, 
China, there was less precipitation in the 18th and 20th 
centuries and more precipitation in the 19th century. Wang 
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et al. [16,17] analyzed time series of reconstructed tempera-
tures and discovered that air temperatures over eastern Chi-
na from the second half of the 9th century to the 11th cen-
tury and in the 13th century were comparable to or slightly 
lower than those in the 20th century. These results deepen 
our understanding of the long-term varying regularities of 
the East Asian monsoon climate. 
Recently, the influence of solar activities on climate has 
received more attention. The results of Wei et al. [18] 
showed a close relationship between long-term change in 
the Asian monsoon climate and solar activity. Kodera [19] 
analyzed the effect of solar activity on the Indian Ocean 
monsoon. Wu et al. [20] found that solar activity might af-
fect wet-dry climate changes in northwestern China during 
the past 400 years. Moreover, summer precipitation over 
eastern China is closely associated with solar activity [21]. 
These results have shown the relationship between climate 
changes in the Asian monsoon region and solar activities. 
However, the relationship between long-term changes in 
Asian monsoon climate and solar activities are complicated 
[22] and the mechanisms responsible for the influence of solar 
activity on regional climate changes are not still clear [19]. 
Anomalies in Asian monsoons often result from re-
sponses of the atmosphere to variations in thermal contrasts 
between the Asian continent and adjacent oceans [23,24]. 
The thermal contrast may be used to indicate variability in 
East Asian monsoon precipitation [24,25]. Thus, it is nec-
essary to investigate the long-term changes in thermal con-
trast between ocean and land in the Asian monsoon region 
and their association with the intensity of solar radiation by 
using different reconstructed climate data over the past mil-
lennium. This will deepen our understanding of the 
long-term varying regularities and causes of changes in the 
East Asian monsoon climate. 
In the present study, the 993–1985 summer mean Asian- 
Pacific Oscillation (APO) index reconstructed by Zhou et al. 
[26], the 1000–1998 solar irradiance index reconstructed by 
Bard et al. [27], and the 0–2006 annual mean surface air 
temperature of the Northern Hemisphere reconstructed by 
Mann [28] were used to study the decadal-centennial-scale 
abrupt changes in thermal contrasts between the Asian con-
tinent and its adjacent oceans through correlation, power 
spectrum, and running t-test analysis methods. Meanwhile, 
the relationships between the thermal contrast changes and 
solar irradiance and global climate changes were also ana-
lyzed. Variations in degrees of freedom for the running the 
time series were considered when the statistical confidence 
level of a correlation coefficient was calculated. 
1  Long-term varying features of thermal con-
trast between the Asian continent and the Pacific 
Summer APO index may be defined as a zonal difference of 
extratropical tropospheric temperature between Asia and the 
North Pacific [24]. Variability in the APO is also signifi-
cantly and positively correlated with a meridional difference 
of tropospheric temperature between East Asia and tropical 
western Pacific, with a correlation coefficient of 0.81 during 
1958–2001 (at the 99.9% confidence level) [29]. Thus the 
APO index may be applied to indicate changes in both zonal 
and meridional thermal contrasts between East Asia and 
adjacent oceans and may well indicate the varying features 
of monsoon precipitation over eastern China on interannual, 
decadal, centennial, and millennium time scales [24,26, 
30–32]. 
Figure 1(a) shows the temporal changes in the recon-
structed APO index and Northern Hemispheric annual mean 
air temperature during 993–1985. It appears that in the 
MWP, the APO index was generally in a positive phase. 
The maximum value in 230 years, from 1000 to 1230, re-
flects a higher tropospheric temperature over Asia and a 
lower tropospheric temperature over the extratropical North 
Pacific and the tropical western Pacific and indicates a 
stronger summer thermal contrast between Asia and its ad-
jacent oceans. During the LIA, the APO index was persis-
tently in a negative phase in 205 years, from 1420 to 1625, 
with the minimum value in 1450–1570, which indicates a 
weak ocean-land thermal contrast; it was mainly negative 
from 1740 to 1940 (during a period of about 200 years). 
In addition to these centennial-scale changes, thermal 
contrast also shows interannual and decadal periodic varia-
tions. Power spectrum analysis was performed, in which 
 
 
Figure 1  (a) Anomalies in the 9-year running mean values of the summer 
Asian-Pacific Oscillation (APO) index (black line) and the Northern Hem-
ispheric annual mean air temperature (red line; 0.2C) reconstructed by 
Mann [28] during 993–1985, in which the x-axis is year and the y-axis is 
values of APO or temperature; and (b) the power spectrum (solid line) of 
the APO index after removing the linear trend during 993–1985, in which 
the dashed line is the 90% confidence level. 
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the linear trend of the APO index is removed, because of a 
significant linear decreasing trend over the past millennium 
(at the 99.9% confidence level). Figure 1(b) shows the re-
sult of the power spectrum analysis. In the figure, the max-
imum peaks of the power spectrum of the summer APO 
index are at 94.3 years, 13.4 years, 10.2 years, and 3–7 
years (significant at the 90% confidence level). The result 
show that the thermal contrast between Asia and the Pacific 
has quasi-90-year, 10–13-year, and 3–7-year periodic oscil-
lations, which is similar to the results of the APO index re-
constructed from tree-ring width in Sha County, Fujian Prov-
ince by Chen et al. [33]. Moreover, the interannual and 
10-year periodic variations in thermal contrast are generally 
consistent with those from stalagmite proxy data in the 
Wanxiang cave analyzed by Zhang et al. [22]. However, 
thermal contrast does not show a 170-year periodic varia-
tion that was revealed by stalagmite proxy data in the Wan-
xiang cave. Moreover, the 90–100-year period in thermal 
contrast is consistent with that in solar activity (shown in 
Section 2). 
Since an extreme point of the running t-test of the tem-
poral mean APO index over a period corresponds to the 
largest difference of the mean index around this point, the 
running t-test may be used to detect an abrupt change point 
of the APO time series. Figure 2(a) shows the running t-test 
value of the 50-year mean APO index during 993–1985. It 
is seen from the figure that on the decadal time scale, there 
were six significant positive maximums (at the 99% confi-
dence level). They appeared in 1110 and 1285 of the MWP 
and in 1378, 1574, 1621, and 1778 of the LIA, indicating  
 
 
Figure 2  (a) The running t-test value (solid line) of the 50-year mean 
APO index during 993–1985, in which the dashed line is the 99% confi-
dence level, the x-axis is year, and the y-axis is the t-test value; and (b) 
same as in (a) but for the 200-year mean APO index. 
the years with a significantly increasing thermal contrast. 
The eight significantly negative minimums appeared in 
1073, 1159, 1235, and 1313 of the MWP and in 1452, 1525, 
1740 and 1828 of the LIA, indicating the years with a sig-
nificantly decreasing thermal contrast. Comparing Figures 
1(a) and 2(a), thermal contrast decreased to its weakest and 
persisted for approximately 100 years after the abrupt 
change in 1452. The positive thermal contrast persisted for 
more than 100 years after the abrupt change in 1621. 
This analysis shows that the thermal contrast between 
Asia and the Pacific displays a significant quasi-200-year 
varying feature. The abrupt change in the APO index is 
examined on the centennial time scale. In Figure 2(b), there 
were three extreme points, appearing in 1305–1315, 1420– 
1430, and 1625–1635, which were significant at the 99% 
confidence level. The first abrupt change occurred in the 
period from the MWP to the LIA, indicating a decreasing 
ocean-land thermal contrast in the Asian monsoon region 
and corresponding to the change from a strong Asian mon-
soon to a weak Asian monsoon. The second abrupt change 
occurred in the early LIA, showing weakening in the ocean- 
land thermal contrast. The thermal contrast then reached its 
weakest, which corresponded to the weakest Asian mon-
soon over the past millennium. The third abrupt change oc-
curred in the middle LIA, representing the change from a 
weak thermal contrast to a strong one and corresponding to 
a period when the Asian monsoon strengthened on the cen-
tennial time scale. Compared with decadal abrupt changes, 
there are fewer abrupt change points on the centennial time 
scales, and the decadal abrupt change points in 1313 and 
1621 are generally consistent with those of the centennial 
abrupt change points. 
2  Relationship between the Asian-Pacific thermal 
contrast and solar activity  
Over the past 1000 years, solar activity has showed periodic 
oscillations of 200 years, 90–140 years, 60 years, 22 years, 
and 11 years, in which the 11-year period is the most domi-
nant period [34,35]. It is evident that the 90–100-year and 
10–13-year periods of the Asian-Pacific thermal contrast are 
generally consistent with those of solar activity, which im-
plies a close link between long-term changes in the 
Asian-Pacific thermal contrast and solar activity over the 
past millennium. 
Figure 3(a) shows the 9-year running mean value for the 
1000–1998 solar irradiance reconstructed by Bard et al. [27]. 
In the figure, solar irradiance shows a gradually decreasing 
trend before 1460 and an increasing trend afterwards. This 
increasing trend is persisting to the present day. Generally 
speaking, the decrease in solar radiance during 1100–1400 
corresponded to weakening of the thermal contrast between 
Asia and the Pacific, and the lowest solar irradiance also 
corresponded to the weakest thermal contrast during 1400–  
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Figure 3  (a) Anomalies in the 9-year running mean value of the 
1000–1998 solar irradiance reconstructed by Bard et al. [27], in which the 
x-axis represents the year and the y-axis represents values of solar irradi-
ance; and (b) represents the wavelet cross-spectral value between the 
summer APO index and the solar irradiance index during 1000–1985. 
1560. Subsequently, the increase in solar irradiance was 
generally consistent with that of thermal contrast. The cor-
relation between thermal contrast and solar irradiance is 
further calculated from data during 1000–1985. The corre-
lation coefficient is 0.31, and it is significant at the 99% 
confidence level. The correlation coefficient between ther-
mal contrast and irradiance is 0.41, significant at the 99.9% 
confidence level, after removing their linear trends. This 
result further supports the notion that variation in the ther-
mal contrast between Asia and the Pacific is generally con-
sistent with that of solar irradiance. However, it is also not-
ed that there are some differences between thermal contrast 
and irradiance on the decadal time scale. For example, dur-
ing the period 1000–1100, solar irradiance is negative, 
while thermal contrast is positive. Further analysis shows 
that this difference is possibly because of the reliability of 
the reconstructed solar irradiance index by Bard et al. [27]. 
The solar irradiance with an interval of 5 years from the last 
glacial maximum to 1950, reconstructed by Reimer et al. 
[36], shows a higher irradiance value during 1000–1100. 
Thus, further analysis is needed on the difference between 
the thermal contrast and the solar activity during this period. 
Figure 3(b) shows the result of wavelet cross-spectral 
analysis between solar irradiance and Asian-Pacific thermal 
contrast indices during 1000–1985. There is a significant 
8–30-year period during 1200–1900, a significant 55–100- 
year period during 1200–1550, and a 120–190-year period 
during 1160–1770. Coherence spectrum analysis was per-
formed for the entire period of 1000–1985. The result shows 
that there are significant relationships between thermal con-
trast and solar irradiance at periods of 250 years, 120–160 
years, 60–70 years, and 15 years, significant at the 95% 
confidence level, suggesting some significant interactions 
between solar radiation and the ocean-land thermal contrast 
over the East Asian monsoon region during these periods. 
Solar irradiance exhibits abrupt changes on the deca-
dal-centennial scale. Figure 4(a) shows the running t-test 
value of the 50-year mean solar irradiance index. In the fig-
ure, there are six positive maximums (significant at the 95% 
confidence level), appearing in 1082 of the MWP and in 
1350, 1484, 1592, 1728 and 1836 of the LIA, which indi-
cate a significant increase in solar irradiance. Seven nega-
tive minimums appeared in 1167, 1255 and 1428 of the 
MWP and in 1529, 1658, 1798 and 1882 of the LIA, indi-
cating a significant decrease in solar irradiance. Figure 4(b) 
further shows the running t-test value of the 200-year mean 
solar irradiance index. This figure shows that there were 
four significant centennial-scale abrupt changes in 1294– 
1304, 1398–1407, 1601–1610, and 1728–1737. The first 
abrupt change occurred in the period from the MWP to LIA, 
with a strong irradiance turning into a weak one. The se-
cond abrupt change occurred in the early LIA, with solar 
irradiance continuing to decrease and then reaching its low-
est. The third and fourth abrupt changes occurred in the 
middle and late LIA, with a significantly strengthening of 
irradiance. 




Figure 4  (a) The running t-test values (solid line) of the 50-year mean 
solar irradiance (red line) and APO (blue line) indices, in which the dashed 
line is the 99% confidence level, the x-axis is year, and the y-axis is the 
t-test value; and (b) same as in (a) but for 200-year mean solar irradiance 
and APO indices. 
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the Pacific, on the centennial time scale, the first three ab-
rupt changes in solar irradiance corresponded to those in 
thermal contrast, and the former usually occurred 12–22 
years ahead of the latter. The last abrupt change in irradi-
ance did not correspond to an abrupt change in thermal con-
trast. On the decadal time scale, however, the abrupt chang-
es in thermal contrast are not synchronous with those in 
solar irradiance. Five abrupt changes in thermal contrast 
lagged 20–30 years behind solar irradiance, while two ab-
rupt changes in thermal contrast occurred ahead of solar 
irradiance. This result implies a weak relationship between 
them. Therefore, variations in solar radiation are possibly 
major factors causing climatic changes in the Asian mon-
soon region on the centennial time scale, while other factors, 
except solar activity, may also play important roles in cli-
matic changes in the Asian monsoon region on the decadal 
time scale. 
Changes in solar activity cause variations in not only the 
thermal contrast between Asia and adjacent oceans but also 
global surface air temperature [39,40]. Using the time series 
of the Northern Hemispheric annual mean surface air tem-
perature over the past millennium reconstructed by Mann et 
al. [28], we calculated the correlation coefficient between 
temperature and solar irradiance. The result shows that the 
correlation coefficient is 0.42 during 1000–1998 (significant 
at the 99.9% confidence level). The running t-test on the 
temperature data shows that on the decadal time scale (Fig-
ure 5(a)), the temperature showed six significant increases, 
occurring in 1196, 1366, 1620, 1742, 1842 and 1932. It also  
 
 
Figure 5  (a) The running t-test values of the 50-year mean Northern 
Hemispheric annual surface air temperature (blue line) and solar irradiance 
(red line) indices, in which the dashed line is the 99% confidence level, the 
x-axis is year, and the y-axis is the t-test value; and (b) same as in (a) but 
for 200-year mean indices. 
showed four significant decreases, occurring in 1095, 1268, 
1442, and 1672. Since the LIA, there have been seven posi-
tive (negative) abrupt changes in temperatures that lagged 
14–16 years behind solar activity, which reflects a close link 
between them on the decadal time scale. On the centennial 
time scale, the temperature showed one significant abrupt 
change that occurred in 1437–1446, lagging 40 years behind 
the abrupt change in irradiance that occurred in 1398–1407. 
On the centennial time scale (Figure 5(b)), the response of 
thermal contrast to solar irradiance seems to be faster than 
that of global mean temperature. Moreover, corresponding 
to the three abrupt changes in solar irradiance in 1294–1303,  
1601–1610 and 1728–1737, there were no significant re-
sponses of the Northern Hemispheric mean temperature. 
3  Conclusions 
In the present study, using the reconstructed indices of the 
summer Asian-Pacific Oscillation (APO) and the solar irra-
diance over the past millennium and power spectral, wave-
let cross-spectral, and running t-test analyses, decadal-cen- 
tennial-scale variations in summer thermal contrast between 
Asia and the Pacific and its links with solar irradiance were 
investigated. The results show that thermal contrast was 
strongest in 1000–1230 and persistently negative in 
1420–1625 (weakest over the past 1000 years). Negative 
values of thermal contrast also dominated in 1740–1940. 
Over the past millennium, thermal contrast showed periodic 
oscillations of quasi-90 years, 10–13 years, and 3–7 years. 
On the centennial time scale, there were three abrupt 
changes in thermal contrast. The first occurred in 1305– 
1315, corresponding to a decrease in thermal contrast. The 
second occurred in 1420–1430 and thermal contrast subse-
quently reached its weakest. The third occurred in 1625– 
1635, corresponding to an increase in thermal contrast. 
Long-term change in thermal contrast between Asia and 
the Pacific is closely associated with solar irradiance. The 
decrease in solar irradiance in 1100–1400 corresponded to a 
decrease in thermal contrast, and the lowest irradiance in 
1400–1560 corresponded to the minimum value of thermal 
contrast. Subsequently, irradiance and thermal contrast have 
been synchronously increasing. The thermal contrast is sig-
nificantly related to the irradiance at periods of 250 years, 
120–160 years, 60–70 years, and 15 years. Three abrupt 
changes in thermal contrast corresponded to significant 
changes in solar irradiance and lagged 12–22 years behind 
irradiance. This link between thermal contrast and solar 
irradiance may be explained as follows. The summer ther-
mal contrast between Asia and the Pacific is mainly due to 
the difference in the solar radiative heating between the 
Asian continent and the Pacific, in which heating of the 
Tibetan Plateau that strongly responds to solar radiation 
exerts a stronger influence on the thermal contrast between 
Asia and the Pacific [29,37,38]. Therefore, when solar  
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activity significantly varies, it may cause significant anoma-
lies in Tibetan heating and APO intensity (or thermal con-
trast), leading to a close relationship between thermal con-
trast and solar activity. Thus, the abrupt changes in solar 
irradiance are possibly a reason for the significant climatic 
changes in the Asian monsoon region on the centennial time 
scale. On the decadal time scale, however, there was no 
close relationship between solar irradiance and thermal con-
trast. This result suggests that besides solar activity, the 
decadal variations in other forcing factors such as those 
from the ocean, land, and polar ice and snow outside the 
Asian-Pacific region also exert influences on the Asian 
monsoon climate. 
Variations in Northern Hemispheric temperature are 
closely associated with those of solar irradiance. Since the 
European LIA, the decadal abrupt changes in the Northern 
Hemispheric annual mean temperature usually lag 14–16 
years behind solar irradiance. On the centennial time scale, 
the three abrupt changes in irradiance did not correspond to 
the changes in temperature. Only one abrupt change in 
temperature corresponded to the change in irradiance, lag-
ging 40 years behind irradiance. This result implies that the 
response of temperature to solar irradiance seems to be 
slower compared with the thermal contrast between Asia 
and the Pacific. Identification of the reason for this slow 
response will require further analysis. 
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